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Radiation Imaging 
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X-ray 

• Discovery 
– Discovered by Wilhelm Rontgen (1895) 

 (“X” is indicating “unknown”) 

 

• Findings 
– Travels in straight lines 

– Make shadows of absorbing material on 
photosensitive paper! 
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X-ray generation 

Tungsten target 
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Different imaging modalities 

Radiography Mammography 

Computed Tomography Interventional fluoroscopy 

Nuclear 
Medicine 
Imaging* 

*Use different mechanism from other imaging modalities 
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Current status of procedures (US 2006)* 

* Mettler et al. Radiology (2009) 

Modality Number of procedures % 
Radiography 293 million 74 
CT 67 million 17 
Nuclear Medicine 18 million 5 
Interventional Fluoroscopy 17 million 4 
Radiotherapy 1 million patients NA 
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Total 6.2 mSv (effective dose) per capita Total 3.6 mSv (effective dose) per capita 

Medical 
15% 

Others 
7% 

Natural 
78% 

Natural 
51% 

CT scanning 
24% 

Nuclear 
Medicine 

11% 

Radiography 
5% 

Interventional 
Fluoroscopy 7% 

Others 
2% 

2006 1980 

Changes in U.S. medical radiation exposure* 

* NCRP Report 160, 2009 
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Typical organ doses for patient* 

Study type Relevant organ Organ dose (mGy) 

Dental radiography Brain 0.005 

PA chest radiography Lung 0.01 

Lateral chest radiography Lung 0.15 

Screening mammography Breast 3 

Adult abdominal CT Stomach 10 

Barium enema Colon 15 

Neonatal abdominal CT Stomach 20 

* Brenner et al. NEJM (2007) 
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Typical organ doses for patient* 

* Linet et al. PR (2009) 
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Typical organ doses for patient* 

* Linet et al. PR (2009) 
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Typical organ doses for patient* 

* Linet et al. PR (2009) 
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Typical organ doses for patient* 

* Linet et al. PR (2009) 
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Radiation dosimetry in imaging 
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What is Dosimetry? 

• Definition: determination of radiation dose resulting from the 
interaction of ionizing radiation with matter 

Human Radiation 
•Age 

• Sex 

• Body size 

• Posture 

• Shielding 

• Radiation type 

• Energy 

• Direction 

• Collimator 
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Who’s getting radiation dose? 

Patient Radiologist Family Members 
(Nuclear medicine) 

Nuclear medicine 

Radiography 
Fluoroscopy 
Mammography 
CT 
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Dosimetric quantities* 

Organ 
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* ICRP Publication 103 (2007) 
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Radiation weighting factor* 

* ICRP Publication 103 (2007) 
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Tissue weighting factor* 

* ICRP Publication 103 (2007) 
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Dosimetric quantities* 

Individualized 
organ dose 

Equivalent 
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Effective 
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Organ dose estimation for medically-exposed patients 

• Controlled 

• Relatively well documented 
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How to obtain the individualized organ dose? 
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(1) Measurement 

• Expensive 

• Substantial man-hour 

• Not individualized 
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(2) Calculation 

• Cost-effective 

• Fewer man-hour 

• More flexible 

• 30+ organ doses 

• Bone marrow dose 

• Highly individualized 
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(3) Conversion Factor 

Measurement Organ doses Conversion 
Factor 

Derived from computer simulations 



National Cancer Institute 

Dosimetry in major imaging modalities 

Natural 
51% 

CT scanning 
24% 

Nuclear 
Medicine 

11% 

Radiography 
5% 

Interventional 
Fluoroscopy 7% 

Others 
2% 
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Radiography 

Radiography 
Mammography 
Fluoroscopy 
CT 

Patient 

X-ray tube 

Collimation 

Filtration Film or 
Detector 

Grid 
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Factors affecting dose in radiography 

• Beam energy 
– Primarily depends on the tube potential (kVp) and filtration 

– Higher energy beam is more penetrating to reach image receptor 

– Lower tube current or shorter imaging time 

– Reduce the dose to the patient 

 

• Filtrations 
– Total filtration = Inherent filtration + Added filtration 

– Remove low-energy x-ray which can be absorbed by the patient 

 

• Collimation 
– Limit the exposed area in the patient 

– Reduce the scattered radiation and increase image contrast 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in radiography 

• Grids 
– Reduce the scattered radiation contribution to improve image contrast 

– Also absorb a portion of non-scattered radiation 

– Cause increase current and time giving more doses to the patient 

 

• Patient size 
– Need more radiation to get an acceptable image for thicker patient 

– Technique charts displaying suggested technique factors for different exams 
and patient thicknesses will be helpful 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: Conversion factors 

• “Handbook of selected tissue doses for projections common in diagnostic 
radiology” (Rosenstein, FDA89-8031, 1988) 

– Developed from adult male and female computational phantoms coupled 
with Monte Carlo transport technique 

– Provide organ doses per unit exposure (measurable) for comprehensive 
technique factors 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: Conversion factors 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: PCXMC 

• A commercial computer program for calculating patients’ organ and 
effective doses in radiography examinations 

 

– Developed by Tapiovaara et al. (STUK, Finland) 

– Current version, PCXMC 2.0 (released in Nov 2008) 

– Based on the computational phantoms (Cristy and Eckerman, 1987) coupled 
with Monte Carlo transport technique 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Graphical interface for user input of technique factors 
Radiography 
Mammography 
Fluoroscopy 
CT 
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Input measurement and organ dose output 
Radiography 
Mammography 
Fluoroscopy 
CT 
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Risk assessment output 
Radiography 
Mammography 
Fluoroscopy 
CT 
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Mammography 

• Average (or mean) glandular dose (AGD) 
– Used to describe the dose to the breast 

– Considered to be at greatest risk 

– Replaced traditional quantities (skin 
dose, midplane breast dose, and etc.) 

Compressed breast 

X-ray tube 

Compression paddle 

Grid 

Screen/Film 

Filtration 

Collimation 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in mammography 

• Beam energy 
– Approximately 24-30 kVp 

– Small difference in beam energy affect breast dose 

– Higher beam energy reduce breast dose 

 

• Target material 
– Molybdenum (18 and 20 keV) and rhodium (20 and 23 keV) 

– Rhodium used for thicker breast 

 

• Filter material 
– Molybdenum and rhodium 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in mammography 

• Grids 
– Reduce the scattered radiation to increase image contrast 

– High contrast images are very important because of similar composition of 
glandular tissue with surrounding ones 

 

• Magnification 
– Move breast closer to the x-ray tube 

– 1.5 to 2.0 times magnified 

– Increase breast dose according to the inverse square law 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in mammography 

• Breast thickness and tissue composition 
– Thick (or large) breasts or those with dense composition need higher energy 

beam and longer exposure time, and receive higher AGD 

 

• Compression 
– Provides better imaging geometry 

– Lower AGD to the patient 

– More uniform exposure the breast 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: Conversion factor 

• The average glandular dose, Dg = DgN x XESE 

 XESE: the entrance skin exposure (measurable) 

 DgN: ESE-to-AGD conversion factor (obtained from Monte Carlo simulation) 
 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Advanced conversion factor* 

* Thierry-Chef et al. (in review) 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Radiography 
Mammography 
Fluoroscopy 
CT 
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Fluoroscopy 

Patient 

X-ray tube 

Collimation 

Filtration 

Table 

Image intensifier 

Video camera 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in fluoroscopy 

• Beam energy 
– Higher kVp results in more penetrating beam and reduces tube current 

 

• Collimation 
– Use the smallest field to image only the area of interest 

– Reduce the scattered radiation and leads to higher-quality images 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in fluoroscopy 

• Increase source-to-skin distance 
– Reduce the patient dose according to 

inverse square law 

 

• Decrease patient-to-image intensifier 
distance 

– Reduce the patient dose since lower x-
ray fluence is needed for acceptable 
image quality 

– Low image quality due to the increased 
scattered radiation 

X-ray tube 

Collimation 

Image intensifier 

Patient-to-image intensifier 
distance 

Source-to-skin distance 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in fluoroscopy 

• Image magnification 
– Move the image intensifier farther from the patient or 

– Move x-ray source closer to patient 

– Increase the patient dose 

 

• Grids 
– Reduce the scattered radiation to increase image contrast 

– Patient doses increase by a factor or two or more 

 

• Patient size 
– kVp and tube current must be increased for thicker patients 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in fluoroscopy 

• Beam-on time 
– Directly proportional to the patient dose 

– Several techniques to reduce beam-on time 
• Being aware of the amount of the beam-on time 

• Last-frame-hold feature (display the last image after the beam is off) 

• Aggressive use of low frame rate pulsed fluoroscopy 

• Release the fluoroscopy pedal frequently 

 

 

 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: conversion factor* 

• Heavily rely on computer simulation using Monte Carlo transport 
technique and computational human phantoms 

* Johnson et al. PMB (2009) 

10%                   50%                     90% 
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Dose estimation: Skin dose 

• Direct dose measurement 
– Thermoluminescent dosimeter (TLD) 

– X-ray film 

• Real-time direct dose measurement 
– MOSFET dosimeter 

• Indirect dose measurement 
– Measure dose at the collimator port 

– Dose derived from system parameters (e.g. PEMNET system) 

• Real-time parameters 
– Fluoroscopic time 

– Dose-area-product 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Dose estimation: Operator* 

 

* Kim et al. HP (2008) 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Dose estimation: Operator* 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Dose estimation: Operator* 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Computed Tomography 

Radiography 
Mammography 
Fluoroscopy 
CT 



National Cancer Institute 

Two innovations in CT 

Helical motion 

Fan beam 

Helical scan: 
Faster scan time 

Multi-detector: 
More information 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Measurable quantities in CT 

• Computed Tomography Dose Index (CTDI)100 

– Single axial rotation 

– 100-mm long ion chamber and head/body CTDI phantoms 

 

 

• Weighted CTDI: CTDIw = 1/3 CTDI100,center + 2/3 CTDI100,peripheral 

• Volume-weighted CTDI: CTDIvol = CTDIw / pitch 

• Dose Length Product (DLP) = CTDIvol x scan length (cm) 

 

• Not designed for or representing patient organ dose! 

Peripheral 

Center 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Pitch in helical scan 

Volume-weighted CTDI: CTDIvol = CTDIw / pitch 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in CT 

• Beam energy 

• Photon fluence (current-time-product) 

• Helical pitch 

• Patient size 

 

CTDI body (left) and head (right) phantoms 

32-cm diameter 

16-cm diameter 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Factors affecting dose in CT: Energy 

2.5140
14 56.7

80
 × = 
 

Radiography 
Mammography 
Fluoroscopy 
CT 

* McNitt-Gray Radiographics (2002) 
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Factors affecting dose in CT: Fluence (mAs) 

Radiography 
Mammography 
Fluoroscopy 
CT 

* McNitt-Gray Radiographics (2002) 
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Factors affecting dose in CT: Pitch 

Radiography 
Mammography 
Fluoroscopy 
CT 

* McNitt-Gray Radiographics (2002) 
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Factors affecting dose in CT: Patient size* 

40 mGy 

20 mGy 

20 mGy 

20 mGy 20 mGy 10 mGy 

40 

40 40 40 

16-cm diameter head phantom 32-cm diameter head phantom 

Radiography 
Mammography 
Fluoroscopy 
CT 

* ImPACT group (http://impactscan.org) 
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CTDIvol vs. actual organ dose 

Organ dose per CTDIvol (abdomen-pelvis scan for adult male)* 

* Lee et al. Medical Physics (2011) 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: Software tools 

ImPACT CT-Expo 
•NRPB database (UK) 

• Hermaphrodite adult 

•No children 

•GSF database (Germany) 

•Male and female adult 

• Two children 

ORNL adult 
hermaphrodite 

phantom 
ADAM    EVA  BABY    CHILD 

Radiography 
Mammography 
Fluoroscopy 
CT 
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ImPACT 

Radiography 
Mammography 
Fluoroscopy 
CT 
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CT-EXPO 

Radiography 
Mammography 
Fluoroscopy 
CT 
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CT-EXPO 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Organ dose estimation: Perimeter-base* 

* Turner et al. MP (2011) 

Radiography 
Mammography 
Fluoroscopy 
CT 
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Perimeter-based organ doses* 

* Turner et al. MP (2011) 

Radiography 
Mammography 
Fluoroscopy 
CT 



National Cancer Institute 

Summary 

• Epidemiology needs individualized organ dose. 

• Three approaches 
– Measurement: expensive, labor-intensive, and not individualized 

– Calculation: cost-effective, fewer man-hour, and individualized 

– Conversion factor: derived from calculation 

• Four different imaging modalities 
– Radiography 

– Mammography 

– Fluoroscopy 

– Computed Tomography 
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Thank you for your attention! 
Any questions or comments appreciated 
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